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Abstract: Holography is a highly desired technology in
modern photonics, yet setups for traditional generating
methods suffer from complexity and bulky sizes. While
metasurface-based holography exhibits advantages of com-
pactness and easy-fabrication, most meta-holograms real-
ized so far exhibit only single functionality, with a few
multifunctional ones suffering from imbalances of effi-
ciency and device-thickness. Here, we propose a generic
approach to design ultra-thin metasurfaces for realiza-
tion of multiple holographic images with high efficien-
cies, and experimentally verify the concept in the telecom
regime. We first design a series of high-efficiency reflec-
tive meta-atoms exhibiting incident-spin-delinked reflec-
tion phases governed by geometric and resonant mecha-
nisms, and experimentally characterize their optical prop-
erties at wavelengths around 1,064 nm. We next experi-
mentally demonstrate a single-functional meta-hologram as
a benchmark test. Finally, we employ the designed meta-
atoms to construct a metasurface with the thickness ~1/4 4,
and experimentally demonstrate its capability of generat-
ing two distinct holographic images under illuminations of
circularly polarized light beams with different helicities,
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possessing generation efficiencies ~48.08 %. Our work pro-
vides a highly-efficient and ultra-compact platform to gener-
ate multifunctional holographic images, which may inspire
numerous applications in integration optics.
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1 Introduction

Holography, an advanced optical technology for record-
ing and reconstructing light fields, has garnered increasing
interests due to its broad applications in modern optics,
such as imaging, displays, data storage, and microscopy [1],
[2]. However, traditional holography technology requires
complex setups to generate holograms, exhibiting several-
wavelengths’ thicknesses. These inherent limitations pose
obstacles for the holography technology from being inte-
grated into on-chip photonics applications.

Metasurfaces, ultra-thin metamaterials composed of
subwavelength microstructures (i.e., meta-atoms) arranged
in specific sequences, provide an alternative and pow-
erful platform for manipulating light. Based on meta-
surfaces constructed by meta-atoms exhibiting tailored
local light-scattering properties (including transmission/
reflection amplitudes and phases), numerous intriguing
light-manipulation effects have been demonstrated, such
as polarization control [3]-[6], anomalous light bending
[71, [8], flat lenses [9]-[12], surface wave excitation [13],
[14] and many others [15]-[17]. Recently, based on reflec-
tion/transmission phase distributions retrieved by the Ger-
chberg-Saxton (GS) algorithm, metasurfaces have been
constructed and employed to generate target far-field (FF)
holographic images [18]-[20]. However, meta-holograms
realized in earlier years [21]-[23], though being ultra-thin in
thickness, can only generate one single holographic image.
While many efforts have been devoted to building multi-
functional metasurfaces for generation of multiple images
upon light illuminations with different polarizations or
wavelengths, meta-holograms realized so far still suffer
from imbalances between device thickness and working
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efficiency/performance. For example, bi-functional meta-
holograms [24], [25] constructed by merging two differ-
ent Pancharatnam-Berry (PB) metasurfaces can be ultra-
thin, but suffer from background-scattering noises which
may degrade the working efficiency and imaging quality.
Moreover, employing PB meta-atoms exhibiting geometric
phases only, the meta-hologram realized in Ref. [25] is not
a real bi-functional device, as switching the helicity of
the incident circularly polarized light does not generate a
new holographic pattern, but rather a centrosymmetric-
transformation of the pattern realized previously. While all-
dielectric bi-functional meta-holograms [26], [27] can realize
high-resolution holographic images with high efficiencies,
they are unfortunately of wavelength-scale thicknesses,
caused by insufficient capabilities of dielectric resonators to
control light at the deep-subwavelength scales.

Here, we propose a generic approach to design ultra-
thin bi-functional meta-holograms to realize two distinct
holographic images with high efficiencies. We first design
a series of meta-atoms in metal/insulator/metal (MIM) con-
figuration exhibiting reflection phases governed by both
resonant and geometric mechanisms, and then utilize
them to construct bi-functional meta-holograms based on
phase distributions retrieved from two pre-designed holo-
graphic images. In particular, employing ultra-thin com-
posite MIM meta-atoms exhibiting both PB and resonant
phases, we can overcome the longstanding issue of imbal-
ance between device thickness and efficiency in previous
works on bi-functional meta-holography. We experimen-
tally demonstrate two sets of meta-holograms, one being a
single-functional case as a benchmark test and the other
set being bi-functional ones (three different bi-functional
meta-devices), to verify our concept in the telecom wave-
length regime. Our meta-devices are of 1/44 thicknesses,
yet exhibit experimental efficiencies exceeding 30 %. Com-
pared to dielectric resonators, our MIM meta-atoms uti-
lize lateral resonances to modulate reflection phases with
high reflectance, which can thus be deep-subwavelength.
By addressing the imbalance between device thickness and
efficiency, our results provide an alternative meta-platform
to manipulate light with multi-functionalities, which may
inspire many applications in integration optics.

2 Results

2.1 Generic design strategy

We now establish a generic strategy to design a meta-
surface, which, as shined by circularly polarized (CP)
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light beams with different helicities, can generate two dis-
tinct pre-designed holographic images in the FF. Suppose
that our target holographic images are characterized by

two momentum-space intensity distributions I t’; 54 (ié) and

tar|—)
obtained on the imaging plane of a lens used experimen-

tally to record the images. We can use the GS algorithm
to retrieve the phase distributions dDT'jr> (7) and dDTL) (7) of
two planar sources that can generate these two holographic
images. To realize these two images using a single meta-
device, we need to design a single metasurface to exhibit
reflection-phase distributions @[, (7) and @ ) (7), respec-
tively, as illuminated by LCP and RCP light beams. To con-
struct such a metasurface, our first task is to design a set
of meta-atoms exhibiting spin-delinked reflection phases
under illuminations of CP light beams of different helicities.

As schematically illustrated in the inset of Figure 1,
our meta-atoms are in metal/insulator/metal (MIM) con-
figurations, each consisting of an anisotropic cross-shaped
metallic resonator rotated by an angle of £ and a con-
tinuous metal film, separated by a dielectric spacer. The
continuous metal film ensures that our meta-atoms allow
no light-transmission, thus we only need to study their
reflection properties. As our meta-atoms exhibit mirror-
reflection symmetries on the xoy plane with two princi-
pal axes denoted by @i and b, respectively, we can capture

I (%) corresponding to the spatial field distributions

Metasurface

Figure 1: Schematics of bi-functional holography based on
metasurfaces. Constructing metasurfaces with ultra-thin meta-atoms
exhibiting reflection phases of both resonant and geometric origins
(see the inset), we can generate two distinct pre-designed holographic
images via shining the metasurfaces with circularly polarized light with
different helicities.
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their reflection Jones Matrices as R = ( . > inlinear-
rUU

polarization bases, with r,,, and r,, denoting two complex
reflection coefficients for two linear polarizations. Shining
a particular meta-atom with a CP light, our previous stud-
ies [28], [29] have shown that the reflected beam normally
contains two modes — a spin-preserved normal mode with a
complex amplitude (r,, +r,,)/2and a spin-flipped anoma-
lous mode with a complex amplitude (r,, —r,,)e% /2,
where |o) = [+) and |—) denote the LCP and RCP states,
respectively. We note that the anomalous mode carries an
extra spin-dependent phase ¢ - @, with @, = 2£, which
is highly desired for further wave manipulation. To achieve
a highest possible working efficiency, we need to suppress
the undesired normal mode yielding the following condition

Ay =|ry+r,l/2=0 @

Under such a condition, wave reflected by the meta-
atom can be rewritten as

Rlo) = APt Pa) | —g) ®

where @, = arg(r,, —r,,) denotes the structural phase
and

(a) Dres/n (C)

-0.40

C. Dai et al.: High-efficiency generation of bi-functional holography with metasurfaces = 1285

A= |ruu - rvu|/2 (3)

is the strength of the anomalous mode. Clearly, the reflec-
tion phase of such a meta-atom contains both a spin-
independent structural phase @, and a spin-dependent geo-
metric phase ¢ - @, thus, the reflection phases under
distinct circular-polarization incidences can be separately
designed, which is crucial to realize bi-functional controls
over CP lights. We note the resonant modes supported by
our MIM meta-atoms are lateral resonances (see the inset
to Figure 2(d) for simulated field distribution of a typical
meta-atom at resonance) rather than the Fabry—Perot ver-
tical resonances in dielectric resonators [30]. As such, our
meta-atoms can exhibit deep-subwavelength thicknesses
(dgpa < A), in sharp contrast to the wavelength-scale-high
dielectric resonators frequently adopted in constructing bi-
functional meta-holograms previously. Employing compos-
ite MIM meta-atoms as our building blocks, the constructed
bi-functional meta-devices exhibit both high efficiencies
and ultra-thin thicknesses, showcasing advantages over pre-
vious ones utilizing dielectric structures.

We then explicitly illustrate how to design appropriate
meta-atoms with desired reflection phases. As shown in the
inset to Figure 2c, we employ silicon dioxide (SiO,) as the

Ao (d)
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Figure 2: Phase diagrams and experimental characterizations of a representative meta-atom. (a) Resonance phase @

and (b) phase difference A®

Res

as functions of L, and L, calculated by FDTD simulations at the wavelength of 1,064 nm, with dashed lines indicating A® = +z. Inset schematically
illustrates the geometry of a typical meta-atom employed in this work. (c) SEM image of a fabricated sample containing an array of meta-atoms with
structural parameters L, = 265 nm and L, = 205 nm, marked by a green star in (a) and (b). (d) Spectra of PCR and |An|2 obtained by simulations (lines)
and measurements (triangles) for the fabricated metasurface. Inset shows the FDTD-simulated Re(H,) field distributions on the x-z plane intersecting
the metallic structure at the resonant frequency, as the meta-atom is shined by LP light with E field oriented along the u-axis.
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spacer, and optimize its thickness as dg,, = 125 nm via full-
wave simulations to ensure that our meta-atoms are in the
under-damped regime exhibiting nearly 2z phase coverage
as the frequency varies and possess very low absorption
[31]. The thickness of the continuous gold (Au) film is set
as dg;, =125 nm to minimize light transmission, and the
periodicity based on which we fabricate the meta-atom
array is set as P = 600 nm. The top resonator is an Au cross
composed of two bars with lengths L, and L, respectively,
the widths of which are set as o = 80 nm. Neglecting losses,
we can write the reflection coefficients of our meta-atoms
(arranged in periodic arrays) as r,, = e/®« and r,, = e'®,
respectively. Therefore, we can re-write Eq. (1) as

AD =0, — D, =+, @

indicating that the meta-atoms should behave as perfect
half-wave-plates (HWPs). Meanwhile, the structural phase
can also be explicitly derived as

(I)Res: ((Du+q)u)/2_7r/4 5

under the condition Eq. (1) or Eq. (4). Therefore, all proper-
ties of the meta-atoms can be unambiguously determined
by their reflection phases @, and®,, which in turn, can be
efficiently tuned by changing two structural parameters L,
and L,.

Fixing the working wavelength at 1,064 nm, we show
in Figure 2a and b how the FDTD-calculated ®,, and A® of
our meta-atom vary against L, and L, (see Figure S1 in SIfor
the ®, and®, phase diagrams), respectively. Two dashed
lines in Figure 2a and b represent the A® = + lines where
Eq. (1) and Eq. (4) are satisfied, implying that we can only
choose meta-atoms with structural parameters sitting on
these two lines. Meanwhile, we find from Figure 2a that
meta-atoms sitting on these two lines can still exhibit g,
varying in a wide range, providing us a large parameter
space to choose the suitable meta-atoms from.

As an example, we experimentally characterize the
optical properties of a typical meta-atom selected from the
A® = +7x lines, denoted by a green star in Figure 2a and
b. We fabricate a metasurface sample consisting of a peri-
odic array of meta-atoms with given structural parameters
using standard electron-beam lithography (EBL) technol-
ogy (see Section 4 for fabrication details). Figure 2c demon-
strates a scanning-electron-microscope (SEM) image of the
fabricated sample. We then experimentally measure the
reflectance spectra (R, = |ru|2 and R, = |rv|2) of the sam-
ple under illuminations of linearly polarized (LP) lights
with E fields oriented along u- and v-axes, respectively
(see Section 2 of SI). Unfortunately, our experimental setup
does not allow us to directly measure the reflection-phase
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spectra. Alternatively, we measure the spectrum for the
polarization conversion ratio (PCR) of the sample, which
is defined as the ratio between the power of the cross-
polarized reflection signal and that of the incident LP light
with E field oriented along the 45° angle between & and D
axes. We note that the PCR thus defined is closely related to
the reflection-phase difference A® of the sample, which can
be expressed as

PCR = ;(1_2\W), ©

R, +R,

where a 100 % PCR corresponds precisely to the case of
A® = +r as desired. Moreover, the normal-mode strength
A, can be retrieved from the above raw experimental data,
with:

4, =\/(R, +R,) 1~ PCR)/2. %)

Figure 2d depicts the measured spectra of PCR and |An|2
of our sample, which are in excellent agreement with the
corresponding simulation results. We find that PCR =~ 1(and
|4, |2 ~ 0 consistently) at the working wavelength 1,064 nm,
indicating that the meta-atom indeed behaves as a nearly-
perfect HWP as desired. Other meta-atoms can be exper-
imentally characterized in a similar way. Based on such
a meta-atom database, we are now ready to design any
multi-functional metasurface once its phase distributions
are known.

2.2 Benchmark test: a single-functional
meta-hologram

As abenchmark test of our generic approach, we first exper-
imentally demonstrate a single-functional high-efficiency
meta-hologram. In this case, we only need to retrieve
the reflection phase distribution ®f, (¥) of our meta-
surface from a single target holographic image with FF
intensity distribution given as It’;r<§>. The retrieval pro-

cess is schematically shown in Figure 3(a). Starting from

Afar(ﬁ) =4 /Ithar<§>e@‘h‘“"(z) describing the FF amplitude

distribution of the holographic image with @ﬁan@) being
an initial random phase distribution, we perform inverse
Fourier-transformation to obtain the near-field (NF) ampli-
tude distribution A™(¥) = 1/I™(7)e!®"” on the metasur-
face plane. Next, we replace the retrieved intensity distri-

-

bution I"(7) by that of the incident light I (7) to form
mc

a new NF distribution A™(¥) = /I™ (7)e!*"™, and then

perform Fourier transformation to get the FF amplitude

distribution Ah<%> =4 /I"(fé)e@h(z). In the last step of a
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Figure 3: Single-functional hologram based on metasurface.

(a) Flow chart of the GS algorithm for designing a single-functional
meta-hologram. (b) SEM image of the fabricated meta-hologram, with
the insets on four corners depicting zoomed-in SEM images. (c) Target
holographic image. (d) Phase distribution of the metasurface retrieved
from the target image assuming that the incident light is an LCP beam
at 1,064 nm. Experimentally recorded holographic images generated
by the meta-hologram under (e) LCP incidence and (f) RCP incidence,
respectively.

single iteration loop, we use the target intensity distribution
In @) to replace the retrieved one Ih<§>, and obtain a

tar

new FF amplitude distribution A" ( fé) I (ié) i' (k) .

tar

Such iterations are repeated until the difference between
CD’”( ) calculated in two adjacent steps is less than a thresh-
old, and then we get the converged NF distribution on the
metasurface @y, (7). In our case, we typically set the itera-
tion number as N = 400 to get the convergent results.

We now design a metasurface that, under the LCP inci-
dence at 1,064 nm, can generate the target FF holographic
image (two Chinese characters meaning “Fudan”) shown in
Figure 3(c). We first follow the procedures describe above
to retrieve the required phase distribution @, (7) of the
metasurface, and depict it in Figure 3(d). As our metasur-
face is only required to generate the correct holographic
image under LCP light incidence, we can simply use the
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PB mechanism to construct our metasurface. Employing the
meta-atom experimentally demonstrated in Figure 2(d) as
the building block, we use the formula &(7) = @ (7)/2
to determine the rotation angles of meta-atoms located at
different positions, and then fabricate a sample according to
the rotation-angle distribution. Figure 3(b) depicts the SEM
image of our fabricated sample, with the insets showing 4
zoomed-in pictures of the corner areas.

We now experimentally characterize the fabricated
meta-hologram. Figure 3(f) illustrates the experimentally
recorded pattern on the imaging plane (see SI for our opti-
cal characterization setup), as the metasurface is shined
by an LCP light at 1,064 nm. The recorded image matches
well with the pre-designed pattern as shown in Figure 3(c).
For completeness, we also experimentally recorded the
field pattern obtained on the same imaging plane as the
metasurface is shined by an RCP light at 1,064 nm. The PB
mechanism ensures that our metasurface should exhibit
the phase distribution —®{: (7) under RCP light incident.
Thus, after Fourier transformatlon, we can prove that the FF
pattern under the RCP incidence should be an exact centro-
symmetric pattern of that obtained under the LCP incidence,
which is indeed the case as shown in Figure 3(f).

2.3 Bi-functional meta-holograms

We now experimentally demonstrate a series of metasur-
faces that can generate two distinct pre-designed holo-
graphic images, as shined by LCP and RCP light beams,
respectively. We use a parallel GS algorithm to retrieve two
reflection-phase distributions (®f; +)(?) and @ )( )
exhibited by the metasurfaces under the illuminations of
CP light beams with different spins |o) = |+), from two
target holographic images described by FF distributions
tar|zr)(k) The calculation procedures are essentially the
same as that described in the last section, with the only
difference being that here we need to retrieve two phase
functions independently.

With @:’;r | +>(r) and d>m - >(r) retrieved, we next sort
out a series of meta-atoms with appropriate spin-dependent
reflection phases. According to Eq. (2), we find that

Dy (F) =
where @, (7) and 6P, (7) represent, respectively, the
structural and geometric phases of the meta-atom located
at position 7. Furthermore, since our meta-atoms are
required as HWPs to suppress undesired normal-mode scat-
terings and obtain @, (7¥) = 2&(7), we derive from Eq. (8)
that

D, (T) + 0Dge, (T), 8)
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(F) + P (7)

tar,|—)

AD(F) = +x 9
O (T) = @G (T
é(?) tar,|+)(r) i tarv|_>(r)

which can guide us to search for appropriate meta-atoms at
different positions. Specifically, the first two equations can
help us determine from Figure 2(a) and (b) the structural
parameters L, and L, of our meta-atoms, while the third
equation tells us the rotation angles of all meta-atoms.
Following the above-mentioned procedures, we design
and fabricate three different metasurfaces that can realize
three distinct bi-functional holographic images. With these
samples at hand, we next utilize the same experimental
setup as in the last section to characterize the performances
of these devices. Shine three metasurfaces by normally inci-
dent light beams at 1,064 nm with polarizations LCP, RCP
and LP, respectively, we obtain the corresponding images
recorded on the holographic plane of our system, and then
demonstrate them in the last three rows of Figure 4. Taking
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the first metadevice as an example, we find from Figure 4(b)
and (c) that two different patterns (i.e., “FUDAN UNIV.” and
“META GROUP”) are displayed clearly on the imaging plane,
in the cases of LCP and RCP incidences, respectively. As the
incident polarization changes to LP containing both LCP and
RCP components, we find that the generated holographic
image contains two pre-designed patterns simultaneously
(see Figure 4(d)). The other two meta-holograms exhibit
similar bi-functionalities with only the pre-designed target
patterns changed accordingly, as experimentally demon-
strated in Figure 4(f)—(h) and (j)—(1), respectively. In partic-
ular, we note that the third metadevice can be applied to
information encryption. Carefully arranging the two groups
of desired character patterns, we find that while effective
information (e.g., “I LOVE” and “FUDAN”) can be correctly
displayed as the device is shined by LCP and RCP light beams
(see Figure 4(j) and (k)), respectively, no meaningful infor-
mation can be obtained as the incident light changes to the
LP beam (see Figure 4(1)).

Figure 4: Bi-functional hologram based on metasurfaces. (a) SEM image of a full-screen bi-functional meta-hologram, and measured holographic
images generated by it under (b) LCP, (c) RCP, and (d) LP incidences, respectively. (e) SEM image of a split-screen bi-functional meta-hologram, and
measured holographic images generated by it under (f) LCP, (g) RCP and (h) LP incidences, respectively. (i) SEM image of an information-encrypted
meta-hologram, and measured holographic images generated by it under (j) LCP, (k) RCP and (I) LP incidences, respectively.
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Finally, we employ full-wave simulations and experi-
mental measurements to estimate the working efficiencies
of our bi-functional meta-holography. In our design, only
the abnormal components carrying the designated phases
contribute to generating the desired patterns, thus the effi-
ciency of our metaatom is defined as = |Aa|2. As a result,
the overall efficiency of our device is determined by the
average light strength carried by these abnormal compo-
nents scattered by our meta-atoms. Detailed analyses and
comparisons among different schemes are presented in
Section 3 of SI. The numerically evaluated efficiencies of
our bi-functional meta-holograms are around 48 %, while
the experimentally evaluated efficiencies reach approxi-
mately 35 %, which are mainly limited by inevitable metallic
absorptions in this frequency domain. Comparisons with
other schemes proposed previously clearly highlight the key
advantage of our strategy, which can realize bi-functional
holography well balancing the requirements on high work-
ing efficiency and ultra-thin device thickness.

3 Conclusions

To conclude, we proposed a generic strategy to realize
bi-functional meta-holograms and experimentally verify
the concept in the telecom frequency domain. Compared
with other schemes developed previously, our bi-functional
meta-holograms can well balance the requirements on high
efficiency and ultra-thin device thickness. After designing
a series of meta-atoms exhibiting incident-spin-delinked
reflection phases and experimentally characterize one typ-
ical meta-atom, we experimental realize a single-functional
meta-hologram as a benchmark test. We next employ the
designed meta-atoms to construct a series of metasur-
faces and experimentally demonstrate that they can real-
ize two distinct holographic images, as shined by CP light
at 1,064 nm with different helicities. The proposed meta-
platform can find many applications in integration photon-
ics, such as information encryption, anticounterfeiting, data
storage, etc.

4 Methods

4.1 Numerical simulation

In our finite-difference time-domain simulations, the
permittivity of Au is described by the Drude model

— _ Y ; — — 16 o—1
() =€, w(TJ[;m with e, = 9,cop =1.367 X 10'° s,
y = 2.448 x 10™ s~ obtained by fitting with experimental

C. Dai et al.: High-efficiency generation of bi-functional holography with metasurfaces = 1289

results. The SiO, spacer is considered as a lossless dielectric
with permittivity & = 2.25. Additional losses caused by
surface roughness and grain boundary effects in thin films
as well as dielectric losses are effectively considered in the
fitting parameter y.

4.2 Sample fabrications

All MIM samples are fabricated using standard thin-film
deposition and EBL techniques. In the first step, we sequen-
tially deposite 5 nm - thick Cr, 125 nm - thick Au, 5 nm Cr
and a 125nm - thick SiO, dielectric layer onto a silicon
substrate using magnetron DC sputtering (Cr and Au) and RF
sputtering (SiO,). Then, we lithograph the cross structures
with EBL, employing an ~100 nm thick PMMA2 layer at an
acceleration voltage of 20 keV. After development in a solu-
tion of methyl isobutyl ketone and isopropyl alcohol, a 5 nm
Cr adhesion layer and a 30 nm Au layer are subsequently
deposited using thermal evaporation. The Au patterns are
finally formed on top of the SiO, film after a lift-off process
using acetone.

4.3 Experimental setup

We use a near-infrared (NIR) microimaging system to
characterize the performance of all designed meta-atoms. A
broadband supercontinuum laser (Fianium SC400) source
and a fibre-coupled grating spectrometer (Ideaoptics
NIR2500) are used in the FF measurements. A beam splitter,
a linear polarizer and a CCD are also used to measure the
reflectance and analyze the polarization distributions.

Acknowledgments: L. Zhou acknowledges technical sup-
port from the Fudan Nanofabrication Laboratory for sample
fabrication.

Research funding: This work was funded by National Key
Research and Development Program of China (Grant No.
2022YFA1404700), National Natural Science Foundation of
China (Grant Nos. 12221004, 62192771) and Natural Science
Foundation of Shanghai (Grant No. 23dz2260100).

Authors contributions: CD and TL contributed equally to
this work. CD fabricated all samples and carried out experi-
mental testing. TL performed all theoretical derivations and
design of holography generators. DW and LZ conceived the
idea and supervised the project. All authors contributed
to the discussion and preparation of the manuscript. The
authors read and approved the final manuscript.

Conflict of interest: Authors state no conflict of interest.
Data availability: The datasets used and/or analyzed dur-
ing the current study are available from the corresponding
author on reasonable request.



1290 = C.Dai et al.: High-efficiency generation of bi-functional holography with metasurfaces

List of abbreviations

CP circular-polarized
DOFs  degrees of freedom
EP elliptical-polarized
FF far-field
GS Gerchberg-Saxton
LCP left circular polarization
LP linear-polarized
MIM metal-insulator-metal
NIR near-infrared
PB Pancharatnam-Berry
RCP right circular polarization
SEM scanning electron microscopy
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